Moyamoya disease (MMD) is an uncommon cerebrovascular disease that is characterized by progressive stenosis of the terminal portion of the internal carotid artery and its main branches, which is accompanied by the development of dilated, fragile collateral vessels at the base of the brain. This review will present different neuroimaging modalities for the diagnosis of MMD. Importantly, we will discuss the role of hyperintense vessels on fluid-attenuated inversion recovery images and their contribution to the evaluation of collateral patterns in MMD patients. Additionally, this review will summarize these common collateral patterns of MMD assessed by conventional cerebral angiography, and the associations of these angiographic collateral patterns with cerebrovascular lesions, including ischemia and hemorrhage will also be reviewed.
Introduction
Moyamoya disease (MMD) is a chronic, occlusive cerebrovascular disease with bilateral stenosis or occlusion of the terminal portion of the internal carotid arteries (ICA) and/or the proximal portions of the anterior (ACA) and middle cerebral arteries (MCA) [1, 2] . Conventional cerebral angiography is the most reliable diagnostic modality for MMD. However, other modalities, such as computed tomography (CT), T2-weighted magnetic resonance imaging (MRI), hyperintense vessels (HV) on fluid-attenuated inversion recovery (FLAIR)-MRI, and magnetic resonance angiography (MRA) and CT angiography (CTA), also provide important information for the diagnosis of MMD. In the diagnosis of MMD, these neuroimaging modalities develop their own characteristics, and it is beneficial to master these characteristics for an early diagnosis of MMD. Importantly, we will present the role of HV on FLAIR images and their contribution to the evaluation of patterns of the collateral circulation in patients with MMD. Additionally, these common collateral patterns of MMD assessed by conventional cerebral angiography and the associations of these angiographic collateral patterns with cerebrovascular lesions, including ischemia and hemorrhage, will also be reviewed.
Neuroimaging Diagnosis

Computed Tomography
It is well known that CT cannot offer direct diagnostic information for moyamoya vessels. However, cerebral infarction and cerebral atrophy are visualized using CT in advanced stages of MMD ( fig. 1 a) . Additionally, CT can depict simultaneously ischemic and hemorrhagic lesions of MMD ( fig. 1 c) . CT is the most convenient neuroimaging modality that is available in most hospitals and can be performed even at midnight. Therefore, CT is used as the first diagnostic tool in most cases of MMD.
Magnetic Resonance Imaging
T2-Weighted MRI T2-weighted-MRI, a radiation-free and noninvasive diagnostic technique, has been introduced according to the guidelines for the diagnosis of MMD in Japan by the Japanese Ministry of Health and Welfare [3, 4] . The flow voids of large arteries due to occlusion of the circle of Willis disappeared, and numerous flow voids appeared in the basal cistern and basal ganglia referring to the augmented vascular network at those sites. Because the black vascular flow voids are obviously in contrast to the bright cerebrospinal fluid, these findings are best shown on T2-weighted images in patients with MMD ( fig. 2 a, b) .
Magnetic Resonance Angiography
It has been demonstrated that the neuroimaging modality of MRA is reliable in the diagnosis of MMD [4] . However, it must be borne in mind that the quality of MRA is strongly dependent on the strength of the static magnetic field, and a 1.5-tesla scanner is the minimum standard for a reliable diagnosis of MMD ( fig. 3 b) . A 3.0-tesla MRA ( fig. 3 c) can be useful to detect small moyamoya vessels that are barely depicted with 0.5 T ( fig. 3 a) . However, a disadvantage of MRA is that it does not provide direct information on the collateral pathways for MMD, except for 3.0-tesla MRA [5, 6] .
HV on FLAIR-MRI HV on FLAIR MRI refer to focal hyperintensity. HV can be frequently observed near the cerebral surface along the cortical sulci in patients with ischemic stroke [7] [8] [9] [10] . HV can nonin- vasively detect steno-occlusive lesions of the intracerebral artery, e.g. in MMD ( fig. 4 ) [10] [11] [12] [13] , and hyperacute stroke with occlusion of a major intracerebral artery [7, 9] . Our recent study showed that HV location was more predominant in the sylvian fissure than in the other MCA territory in patients with intracerebral arterial steno-occlusive lesions [14] , which was consistent with previous studies [7] [8] [9] 15] . Some studies have postulated that the leptomeningeal collaterals may be the underlying structures for HV [7, 9, 12, 13] . Indeed, angiographically, our study demonstrated that the slow residual anterograde and/or leptomeningeal retrograde blood flows are the origin of HV ( fig. 5 ) [14] . Moreover, we speculate that as MMD progresses, HV could extend from the anterior to the posterior territory of the cerebral circulation, which could be a predictor of stroke onset in the posterior cerebral circulation. Addi- tionally, our results indicated that retrograde blood flow was more sluggish than anterograde flow, and it was commonly seen during the angiographic venous phase [16] , which was consistent with a recent study [17] . Interestingly, our recent study implied that endovascular recanalization of ICA atherosclerotic occlusions resulted in a preoperative decrease in HV in the MCA territory, and a postoperative decrease in HV can be considered a marker for hemodynamic improvement [18] .
Computed Tomography Angiography CTA of the head and neck vessels has rapidly improved since helical CT was available to scan quickly and to capture the arterial phase of enhancement. The 64-row CT scanners facilitate isotropic imaging and provide high-resolution 3D reconstructions ( fig. 6 ). This diagnostic modality is helpful for evaluating patients with suspected vascular abnormal- . e Blood flows from the PCA to the ACA and/or MCA territory via the MLA (arrow). f Blood flows from the ophthalmic artery to the ACA territory via neovessels (arrow). g Middle MLA supplying blood to the ACA (white arrow) and/or MCA (black arrow). h Superficial temporal artery supplying blood to the MCA (arrow). i Occipital artery supplying blood to the ACA and/or MCA (arrows).
ities, particularly patients with moyamoya vessels. CTA is also useful for preoperative planning and for postsurgical verification of patency of an external carotid artery-ICA bypass [19] .
Collateral Circulation Patterns
MMD presents the ultimate example of excessive collateralization over a chronic time course. Although the collateral circulation can be assessed by several methods, such as transcranial Doppler, CTA, MRA and digital subtraction angiography, the latter is still the gold standard. At present, large-sample studies investigating collateral patterns of MMD are scarce. Therefore, elucidation of the collateral circulation patterns in MMD by conventional cerebral angiography is important. According to our recent study, there are 9 common collateral pathways in patients with MMD, including ACA → meningeal arteries (MLA) → MCA ( fig. 7 a) , dilation and extension of the anterior choroidal artery beyond the choroid fissure ( fig. 7 b) , the patent posterior communicating artery → the posterior cerebral artery (PCA) → MLA → ACA and/or MCA ( fig. 7 c) , the posterior choroidal artery → the posterior pericallosal artery → ACA ( fig. 7 d) , PCA → MLA → ACA and/or MCA ( fig. 7 e) , the ophthalmic artery → neovessels → ACA ( fig. 7 f) , middle MLA → ACA and/or MCA ( fig. 7 g ), superficial temporal artery → MCA ( fig. 7 h) , and occipital artery → ACA and/or MCA ( fig. 7 i) . In adults, the patterns of collateral distribution are changing with MMD progression. The collateral circulation, including dilation and extension of the anterior choroidal artery beyond the choroid fissure, patent posterior communicating artery → PCA → MLA → ACA and/or MCA, and posterior choroidal artery → posterior pericallosal arteries → ACA, accounted for a higher proportion, especially in the medium stage of disease duration, which suggested that these collaterals play an important role in blood flow recovery. 
Stroke Patterns Related to the Collateral Circulation
According to our recent data, the dilation and extension of anterior choroidal and posterior communicating arteries (AChA-PComA) are common patterns in the abovementioned collateral pathways in patients with MMD. Recently, changes in AChA-PComA were classified by conventional cerebral angiography into 4 different grades: grade 0, normal; grade 1, dilation of the AChA within the choroidal fissure and/or dilation of the PComA without abnormally extensive branches; grade 2, dilation and extension of the AChA beyond the choroidal fissure and/or dilation of the PComA with abnormally extensive branches (posterior pericallosal arteries and/or leptomeningeal collateral vessels supplying the anterior cerebral circulation), and grade 3, disappearance of the AChA-PComA (the occlusion is situated proximal to the PComA of the ICA) [2] . This study showed that stroke patterns were related to angiographic changes in the AChA-PComA in adult MMD patients. For lowgrade AChA-PComA (including grades 0 and 1), the proportion of ischemic lesions was similar to the proportion of hemorrhagic lesions involving mainly the anterior circulation. Grade 2 was predominantly associated with intraventricular ( fig. 8 a) and temporal hemorrhage ( fig. 8 c) , and grade 3 was predominantly correlated with aneurysmal subarachnoid hemorrhage ( fig. 8 e) and cerebral infarction ( fig. 9 a) in the territory of the posterior circulation. This is the first report on angiographic changes in AChA-PComA. Moreover, our results indicated that grades 0 and 1 are considered the early stages of MMD, while grades 2 and 3 reflect the late stages of MMD. The angiographic characteristics of AChA-PComA may predict the onset of certain stroke patterns in adult MMD.
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